The measurement reported is essentially a refinement of an earlier measurement in which the g factor was found to &2.4 parts in 106. The method is as follows: 100-keV electrons in 0.2-ltbsec bunches move parallel to a magnetic field and strike a gold foil. The part of an electron bunch which is scattered at right angles, and which, consequently, is partially polarized, is trapped in the magnetic field and held for a measured length of time (up to 1.9 msec). The bunch is then released from the trap and allowed to strike a second gold foil. The cycle is repeated 500 times per sec. The part of the bunch scattered at right angles by the second foil strikes a thin-window Geiger counter. The fraction of the bunch scattered into the counter depends upon its final direction of polarization. A plot of the intensity vs trapping time is a cosine curve whose frequency is the difference between the orbital frequency and the spin precession frequency. This is related to the g factor as follows: &onmc/Be=a, where g is 2(1+a), own is 27r times the diiference frequency, 8 is the magnetic induction, and m, c, and e have the usual meaning. Thus the "anomaly, " a, is measured directly. The present experiment is an advance over the earlier one in four main respects: (a) Separation of the polarization eGect from the background. Alternate groups of 64 electron bunches were held in the trap for times t and t+ 2 TD, where T~is the period of alternation of intensity or "di6'erence period. " Counts from the alternate bunches were accumulated in separate scalers, and the ratio was used as the measure of polarization. This eliminated virtually all instrumental asymmetries associated with counting. (b) Electrostatic e6'ects. A new vacuum chamber in which all material was eliminated from inside the electron orbits and removed to a greater distance from the orbits on all sides greatly reduced the effects of stray electric fields due to surface charges. (c) Magnetic Geld. A new solenoid of increased dimensions, and new proton-resonance field measuring apparatus were used, to obtain a significant improvement in the mapping of the magnetic field in the trap. (B appears in the formula for a, and in order to have a trap, B must be slightly nonuniform; hence the necessity of mapping B in the trap. ) (d) The beginning of the measured trapping interval was moved out to about 300 @sec after injection and a time difference method was used. This eliminated all errors associated with initial structure (bunching) of the electron cloud, and eliminated errors in the knowledge of the time of injection and capture. The final result is @=0. 001 159 622&0.000000 027. In terms of a series in the Gne structure constant, the experiment gives a=n/2' -(0.32/&0. 005)tx'/n' and theory gives a =n/2 i0 r328a'/. vr'
I. INTRODUCTION HE measurement reported here is the third and final in a series of three measurements on the g factor of the free electron, which have been carried on in this laboratory over the past decade. All of the experiments employed a Mott double scattering arrangement, with a magnetic field interposed between the polarizing and analyzing scatterers. In the first experiment' the magnetic field was parallel to the electron paths. The g factor was determined by measuring the rotation of the ' W. H. I.ouisell, R. W, Pidd, and H. R. Crane, Phys. Rev. 94, 'I (1954) . plane of polarization in the magnetic field, and the other parameters. The result (g=2.00&0.01) was not sufficiently precise to be useful theoretically. The interest in the experiment lay in the fact that it brought about the resolution of some questions as to the measurability, in principle, of the g factor of the electron in the free state, and opened the way to experiments of greater precision.
In the second experiment, ' two basic improvements in method were introduced: (a) The electrons were trapped in a magnetic "bottle" so that the number of revolutions of the polarization plane could be very large, and (b) the difference between the spin precession frequency and the cyclotron frequency, rather than the spin precession frequency itself, was measured. The result of the second experiment was g=2(1+0.0011609 &0.0000024). In spite of the very great improvement in accuracy, this result fell just short of what was to be hoped for, in that the uncertainty was just about equal to the value of the n' term in the theoretical result. This was made evident by writing the result of the second experiment and the theoretical result as series in ot: a=tr/2sr -0.328n'/m' (theory); a=tx/2sr -(0.1~0.4)tr'/m' (exp), where g=2(1+a). The fact of being so near to a fully significant result caused the present authors to undertake a third, and entirely new, PRECISION M EASURE MENT OF measurement.
The outcome exceeded our minimum goal of &10% of the n' term, and gave it to within less than 2%. Consequently, we have dared to label the third experiment the "final" one in the series.
II. GENERAL DESCRIPTION OF THE METHOD

Scattering and Trapping
Attention is called to Fig. 1 . A bunch of electrons from the gun, moving parallel to the axis of the chamber, is scattered by a thin gold target. A slit system (not shown in the figure) allows only those electrons which are scattered to the right, through an angle of about 89, to leave the vicinity of the foil. There is present a fixed magnetic field whose axis of symmetry coincides with the axis of the chamber, and which is slightly shaped so as to form a "bottle" for the electrons. The magnetic center of the bottle is at the gap between the two cylinders seen in Fig. 1 . The electrons which emerge from the slits, after being scattered, begin a helical motion in the bottle with a pitch of about 1'. When the bunch starts its journey, there is a retarding potential difference across the gap between the two cylinders. As the bunch progresses from left to right across the gap, the pitch decreases, because of the potential difference. The bunch continues some distance to the right and is rejected from the right-hand end of the magnetic bottle. Before the bunch recrosses the gap, the potential difference is reduced to zero. Thus the pitch remains reduced and the bunch cannot return as far to the left as the position of the slits. After holding the electrons in the bottle for an arbitrary length of time, an electric potential difference is applied to the gap which accelerates electrons to the right. Then all those electrons which happen to be in the left-hand The cylinders, by means of which the axial electric trapping and ejecting fields are produced, embody important improvements over those used previously. In the previous apparatus there were two pairs of concentric cylinders, with enough radial separation to accommodate the trapped electrons. This arrangement was optimum for its primary purpose, namely, acceleration of the electrons parallel to the axis. But as we now realize, it was also optimum for the appearance of stray radial electric fields, due to differences in surface conditions or static charges. In the present apparatus there are no inner cylinders; in fact, there is nothing inside the circulating electron cloud. By eliminating all surfaces on which static charges can reside inside the circulating beam, the effect of stray electric fields on the difference frequency is eliminated in first order. Although stray electric fields may still be present, those characterized by lines of force originating and ending on the inner wall of a cylinder have no net effect in first order. Only field lines which originate on the cylinder, go into the region inside the circulating beam, and then out at the end of the trapping region will have a first-order eRect. As is shown in the section on results, a significant reduction in electric field effects resulted from this simple structural change in the cylinder system. The cylinders are made of copper and they are baked at about 150'C before being put in place.
Solenoid
Two requirements had to be met in designing the solenoid.
(1) The region of magnetic field actually used by trapped electrons is cylindrical in shape, about 6 in.
in diameter and 25 in. long. In this region the field must have a high degree of cylindrical symmetry and it must be slightly weaker, by a small fraction of a percent, at the middle than at the ends. (2) Physically the coil assembly was required to be removable from the vacuum chamber assembly to provide accessibility, and it was also required that it be separate from the vacuum chamber to allow for baking the latter. An aluminum spool was made by rolling a plate of 43-in. aluminum into a cylinder 2 ft in diameter and 8 ft long and adding end flanges of 1-in. aluminum. These were helium-welded and machined. This exceedingly rigid spool was wound with eight layers of No. 10 cotton and enamel-insulated wire. Two additional layers were wound on the last 17 in. at each end of the spool. These end-correcting coils were designed by computation on the IBM 704 to give the same field at the ends of the trapping region as at the middle, and it was expected that smaller coils would be used to give the field the very slight bottle shape desired for trapping. As it turned out, the trapping region had the desired field shape without the use of the last-mentioned coils.
To achieve the required physical flexibility, the spool is mounted on a stand, which in turn runs on a short railroad, so that it can be rolled parallel to its axis, toward the VacIon pump, until the section of the chamber containing the trapping region is exposed.
Magnetic Field Regulator The remainder of the fine magnetic field regulator is of conventional design. 7 The input to the phase detector is displayed on an oscilloscope as a Lissajous figure, which indicates deviations of the magnetic field from the value determined by the crystal frequency. The signalto-noise ratio is satisfactorily low. The main sources of noise are microphonics and 60-cps pickup in the resonance head and in the rf amplifier. Fluctuations of such low frequency cannot appear in the magnetic field, however, because of the highly effective "shorted turn" effect of the aluminum spool on which the solenoid is wound. The fine regulator has a time constant of 5 sec, so it does not follow ac pickup, microphonics, or rapid transients. The drift in the magnetic field has been measured and found to be less than one part in 10' per day.
Apparatus for Mapping the Magnetic Field
The magnetic field in the trapping region is Inapped by means of a proton resonance head similar to the one used for regulation of the field. This mapping head is inserted into the trapping region by removing a section of vacuum chamber between the trapping region and the VacIon pump. In this way, the field can be measured with the trapping cylinders, counting equipment, and vacuum pumps in their normal positions.
The mapping head is mounted in such a way that it can be moved in azimuth and parallel to the axis of the pipe but at a fixed radius equal to that of the trapped electron cloud. r M. E. Packard, Rev. Sci. Instr. 19, 435 (1948) . ' R. J. Blume, Rev. Sci. Instr. 29, 574 (1958) .
A Pound-Knight marginal oscillator is used to detect resonance. Of several circuits tried, this one seemed to give the best combination of sensitivity and versatility. The oscillator frequency is measured with a HewlettPackard 523D frequency counter which is calibrated against WWV.
Timing System
A block diagram of the timing system is shown in Fig. 3 . The heart of the system is an Electro-Pulse 5620 A digital delay generator. It provides two pulses whose spacing can be varied from 1 to 10000 psec in 1 @sec steps. A crystal oven has been added to the standard clock oscillator to provide additional frequency stability. The clock rate has been measured by comparing it to WWV with a frequency counter.
The timing sequence is as follows. (1) Except for the timing-pulse generator and the switcher, the timing system is similar to the one which is described in detail in the previous publication. ' How- ever, many of the "home-brew" circuits have been replaced with commercially made equipment and, as a result, the stability and reliability of the timing system have been improved.
IV. MEASUREMENTS AND ANALYSIS
Mapping of the Magnetic Field
The magnetic 6eld at the beam radius is measured as a function of azimuth and axial distance from the center of the trapping region. The held is found to vary with azimuth, the maximum variation from the average being about 30 parts in 10'. The average of four azimuthal measurements at each setting of s is used for computing the average 6eld experienced by the circulating electron. In Fig. 4 the azimuthally averaged field, plotted against s, is compared to the field B(Mon) measured by the fixed proton resonance monitor head located in the solenoid. The proton resonance head which measures B(Mon) is similar to the ones used for the regulation and the mapping of the magnetic field. The field at this monitor head is measured periodically during the mapping of the 6eld so it serves as a check on the held regulator.
The field was mapped several times, on diferent days, and before and after the solenoid had been moved and then replaced. There were no appreciable differences in the results. The data from two such 6eld mappings were averaged to obtain Fig. 4 where the maximum amplitude has been assigned the energy level zero. Equation (5) The final data of this experiment were taken at four diGerent settings of field and energy. Each setting is denoted by the number of the crystal to which the magnetic field is locked (X3, X6, X8, or X9).The values of several experimental parameters are given in Table I for each of these four settings. The ejection voltages listed in Table I Table I ). A run consisted of measuring about 2 cycles of the asymmetry curve. Runs were always taken in pairs, one in the region of 300 psec and one in the region of 1900 p, sec. The data for the first four pairs of runs (one pair at each magnetic field setting) are shown in Fig. 5 . In connection with these four pairs of runs, enough data were also taken at intermediate trapping times to make possible the determination of the number of cycles S between the two end points. A similar determination of S was not necessary for the next 32 pairs of runs because the variation in the time difference between the two end points, from one pair of runs to another, was much less than a full period.
In other words, once T had been established in the first four pairs of runs, there was no possibility of being in error by a whole cycle in the subsequent measurements.
The procedure for measuring S is as follows: (1) the results of all of the steps described.
The resonant frequency of the monitor head f(Mon) was also measured periodically during each run. This served as a check on the magnetic field regulator and also gave a means of connecting the measurements of 8, and T& which are, of necessity, made at di6erent times.
Evaluation of the Di6'erence Frequency An IBM 709 computer was used to obtain the leastsquares fit of a curve of the form y=A cos(cot+/)+C to each of the runs, a run being a sequence of points extending over approximately two cycles. Using the value of It, given by the least-squares fit, the value of the trapping time corresponding to a maximum in the asymmetry curve was found, for each run. Table II gives all of these values. The values for the runs in the region of 300 psec are labeled M3pp and those for the runs in the region of 1900 @sec are labeled M~gt)p. Inasmuch as each run included at least two cycles, an arbitrary selection had to be made. In the 300-@sec runs the maximum at the shortest trapping time was selected for listing in the table, and for the 1900-psec runs the one at the longest trapping time was selected.
The difference between the times corresponding to 3f3pp and 3f ygpp divided by X gives TD in psec. Table II. During the averaging process, one pair of runs (XXIII) was found to give a result which was far out where p" is the gyromagnetic ratio for protons in water.
The last two factors on the right-hand side of Eq. (17) were evaluated in the previous section. The uncertainty quoted for each setting is the square root of the sum of the squares of the independent experimental errors. The sources and magnitudes of these experimental errors are discussed in detail in Sec. VI.
The magnitudes of the two correction terms in Eq.
(18) are estimated from the energy dependence of the measured results. In Fig. 6 (2) The electron has no EDM (f=0). (1) statistical error from the counting process and from the fitting of cosine curves to the data, (2) E. The error in the value of the quantity me&"/e (see Sec. V).
Attention is called to the fact that several sources of systematic error have been eliminated in the present experiment by measuring T~between two maxima in the asymmetry curve, rather than between zero trapping time and one maximum. These are (a) a "zero correction" to the trapping time, which would involve the delays in the pulse circuits and the time spread of the beam, (b) the effect of l,he electric trapping pulse on the polarization during the first and final passes of the bunch across the center of the trap, and (c) the effect of odd-power terms in the equation for the pitch correction. The latter follows from the fact that the number of passes through the trap, in the measured interval in the asymmetry curve, is necessarily even. Fig. 6 ). This procedure gives a relatively conservative estimate of the final error.
If the two assumptions preceding Eq. (19) were not valid, a further error would be introduced in the final result. The error which would result from relaxing only the second assumption has been shown to be small (see discussion of Eqs. 21). However, if both assumptions were invalid, then the straight-line fit used to obtain the final result would be invalid. That is, if E"
were not constant, then the linearity of the four points in Fig. 6 would have to be ascribed to an accidental masking of the effect of an EDM by changes in E,. In view of the rather wide range of energy used (45 to 114 kV) and the excellent linearity of the four measured points, this possibility seems to us to be quite remote, and it is ignored in arriving at the final result.
VII. CONCLUDING REMARKS
The experimental results for a are now compared to the current theoretical value. The first two terms" '4
